Although angiotensin-converting enzyme (ACE) has been studied primarily in the context of its role in blood pressure regulation, this widely distributed enzyme has many other physiological functions. The ACE gene encodes two isozymes. The somatic isozyme is expressed in many tissues, including vascular endothelial cells, renal epithelial cells, and testicular Leydig cells, whereas the testicular or germinal angiotensin-converting enzyme is expressed only in sperm. The ACE gene knockout mice lack both isozymes and they exhibit low blood pressure, kidney dysfunctions, and male infertility. Here, we report the use of a sperm-specific promoter and interbreeding of transgenic and gene knockout mice for generating a mouse strain that expressed ACE only in sperm. The experimental mice maintained the kidney defects of ACE Ϫ / Ϫ mice, but unlike the knockout strain, the males were fertile. Thus, we established that the role of ACE in male fertility is completely dependent on its exclusive expression in sperm. Our study clearly demonstrated how transgenic and knockout techniques can be combined for ascribing a specific physiological function to the expression of a multifunctional protein in a given tissue. (
Introduction
Angiotensin-converting enzyme (ACE), 1 a dipeptidylcarboxypeptidase, is an important enzyme of the renin-angiotensin system that regulates blood pressure (1) (2) (3) . The two most wellcharacterized physiological substrates of ACE are the peptides angiotensin I and bradykinin. Action of ACE on both of these peptides causes vasoconstriction; thus, elevated ACE activity leads to hypertension. Inhibitors of ACE are effective in treating hypertension and congestive heart failure.
There are two isozymes of ACE (4) (5) (6) (7) (8) . The larger protein, the somatic isoform (sACE; also known as ACE P ), is expressed widely in the body. Vascular endothelial cells and epithelial cells in the proximal tubules of the kidney, brain, intestinal brush border, and epididymis express sACE. Macrophages and Leydig cells in the testis also express this isozyme. In contrast, the germinal isozyme (gACE, also known as ACE T ), is expressed exclusively in developing sperm cells (9) (10) (11) (12) . The two isozymes have similar enzymatic activities and the proteins are structurally related. Both are type I ectoproteins anchored in the plasma membrane by a hydrophobic region present near their carboxyl-terminals. A regulated membrane-bound protease activity can cleave the extracellular domain of ACE producing an enzymatically active soluble form of the protein in the serum (13) (14) (15) (16) .
sACE and gACE are encoded by 5.0-and 2.5-kb mRNA, respectively. Both mRNAs are transcribed from the same gene by a tissue-specific choice of two alternative transcription initiation sites and two alternative polyadenylation sites (17) (18) (19) (20) . The gACE promoter has been characterized using transgenic reporter gene expression in sperm as an assay. A cAMPresponse element and the corresponding transcription factor CREM have been identified as the crucial determinants of expression of the gACE mRNA (21-26). On the other hand, several positive elements and a strong silencer element dictate the expression of the sACE mRNA (27, 28) . For neither mRNA, however, have the crucial elements responsible for their tissue specificity been identified. Functioning of the gACE promoter, but not the sACE promoter, is also regulated developmentally. gACE mRNA is expressed only during a postmeiotic phase of sperm differentiation, but the protein remains associated with mature sperm. The specific function of ACE in sperm physiology and the nature of its substrate in the reproductive system remain to be determined.
Disruption of the mouse ACE gene has revealed the involvement of ACE in multiple physiological regulatory systems (29) (30) (31) (32) . The ACE Ϫ / Ϫ mice had, as expected, lower blood pressure. But, they also had severe kidney structural and functional abnormalities: atrophy of the renal cortex, thickened arteries, and infiltration of inflammatory cells. These animals do not effectively concentrate urine or maintain normal urinary salt balances. The male ACE Ϫ / Ϫ mice, in addition, sire very few pups, though they have normal testis structure, sperm count, morphology, and motility.
We are interested in assigning specific physiological functions of ACE to its expression in specific cell types of different tissues. In the context of this general interest, in this study, we have investigated whether expression of ACE T in sperm, in the absence of ACE expression elsewhere in the body, is sufficient for maintaining normal male fertility. To experimentally approach this problem, we used a sperm-specific transcriptional promoter to generate transgenic mice that express a transgenic gACE only in sperm. Upon cross-breeding of those transgenic mice with ACE Ϫ / Ϫ mice, we generated a mouse strain devoid of sACE , yet expressing gACE exclusively in the developing sperm cells. Our experimental mice retained the kidney defects present in ACE Ϫ / Ϫ mice, but the male fertility was restored to that of the wild-type mice. Thus, our study demonstrated that male fertility requires the expression of ACE in sperm, but not in the Leydig cells, epididymis, or the vasculature of the testes.
Methods
Generation of transgenic mice. The EcoRI fragment of the rabbit testicular ACE cDNA clone (6) was cloned at the EcoRI site of pcDNAIII expression vector in the right orientation. The CMV promoter in that vector was removed by cutting with BglII and HindIII and replaced by the 515-bp human phosphoglycerate kinase II (PGKII) promoter released from the vector pPM046 (33) with BamHI and HindIII. The transgene containing the PGKII promoter, the ACE cDNA, and the bovine growth hormone poly A signal was excised from the vector by digestion with SmaI and NaeI restriction enzymes. The 3.5-kb fragment was purified by gel electrophoresis and used for microinjection into fertilized eggs of FVB mice (34) . The injected eggs were implanted into the uteri of several pseudopregnant mothers. The microinjection and egg implantation was carried out at the Transgenic Facility of The Ohio State University (Columbus, Ohio).
15 pups were born and their DNA was analyzed for the presence of the transgene. Five out of the 15 mice were found to be positive. For DNA isolation, 0.5-1.0-cm tails were biopsied from 10-15-d-old mice. The samples were minced and digested in a buffer containing 100 mM Tris Cl, pH 8.5, 5 mM EDTA, 1% SDS, 200 mM NaCl, and 100 g/ml proteinase K at 55 Њ C overnight. After centrifugation, the supernatant was extracted with phenol-chloroform and the DNA was precipitated from the aqueous layer by adding equal volume of isopropanol. The precipitate was washed with 70% ethanol and dissolved in Tris/EDTA buffer (10 mM Tris Cl, pH 8.0, 0.1 mM EDTA). 10-15 g of DNA was digested overnight with EcoRI or SacI and used for Southern blotting. The DNA was electrophoresed and blotted to Hybond N ϩ membrane (Amersham Corp., Arlington Heights, IL). The probe was prepared by labeling the 2.5-kb ACE cDNA by random priming using ␣ [ 32 P]dCTP. Hybridization was done at 65 Њ C overnight in a buffer containing 500 mM sodium phosphate, pH 7.2, 7% SDS, 1% BSA, 1 mM EDTA, and 200 g/ml denatured salmon sperm DNA. Washing was done first with a buffer containing 5% SDS, 40 mM sodium phosphate, pH 7.2, 1 mM EDTA, and 0.5% BSA at room temperature for 30 min, and at 58 Њ C for 30 min. The second washing was with a buffer containing 1% SDS at 63 Њ C for 30 min. The membrane was dried and exposed to x-ray film.
Establishment of transgenic lines. The transgenic founder mice, four females and one male, were mated with wild-type FVB mice and the pups were examined for the presence of the transgene. All five founder mice transmitted the transgene and five lines were established by brother/sister mating of the progeny. Mice homozygous for the transgene were identified by Southern blotting, and mating pairs were chosen for maintaining the transgenic lines.
Expression of the transgene. Reverse transcription PCR (RT-PCR) was used for detecting the transgenic rabbit ACE mRNA expression in different tissues. Tissue RNA was isolated using RNAzol and DNase digestion and used as templates for RT-PCR. The tissue was homogenized in RNAzol B (Tel-Test Inc., Friendswood, TX) using 2-ml solution per 100 mg tissue. 0.2 ml of chloroform was added to the homogenate and centrifuged at 12,000 g for 15 min. RNA was precipitated by adding an equal volume of isopropanol, centrifuged, dried, and dissolved in diethylpyrocarbonate-treated water. It was then incubated with RNase-free DNase I at room temperature for 15 min in DNase buffer. DNase was inactivated by heating to 65 Њ C for 15 min. RT-PCR was carried out as recommended in the GIBCO BRL (Gaithersburg, MD) instruction manual. For denaturation, RNA and random hexamer primers were incubated at 70 Њ C for 10 min. For annealing, all components except the enzyme were added to the denatured mixture and incubated at room temperature for 5 min. The enzyme superscript II reverse transcriptase was added and incubated at room temperature for 10 min, followed by incubation at 42 Њ C for 50 min. The reaction was stopped by incubating at 70 Њ C for 15 min. The RNA was removed by digestion with RNase H at 37 Њ C for 20 min and the sample was ready for the PCR using specific primers. The rabbit ACE-specific primers were chosen from near the 5 Ј end of the coding region, which has many mismatches with the corresponding region of the mouse cDNA. The sense primer was 5 Ј CCA GCA TCC GGG CAA CCA CC 3 Ј and the antisense primer was 5 Ј ATC TGG TTG TAC TCC AGC TCC TTG ACG 3 Ј . The PCR conditions were initial denaturation at 95 Њ C for 3 min followed by 30 cycles of denaturation at 95 Њ C for 30 s, annealing at 53 Њ C for 30 s, and extension at 72 Њ C for 60 s. The final extension was at 72 Њ C for 5 min. The product of 365 bp was detected by electrophoresis in 1% agarose gel. The specificity of the method was verified by using mouse testicular RNA which gave no product with these primers. Similarly, no product was produced in the absence of RT ensuring that all genomic DNA had been removed from the RNA sample. Two mouse-specific primers were used for detecting mouse gACE mRNA. The sense primer was 5 Ј CTG AGT CAG GTG GCC ACT GA 3 Ј and the antisense primer was 5 Ј GGG CAT ACA AGT GCC ATT TG 3 Ј . The corresponding mouse PCR product was of 496 bp. Thus, the two sets of primers, the rabbit-specific and the mouse-specific, could be used in the same RT-PCR reaction with transgenic mouse RNA as the template and the two products of 365 bp and 496 bp could be distinguished by their different mobilities in gel electrophoresis.
For detecting rabbit gACE protein in tissue extracts, Western blotting was done with a rabbit ACE-antiserum that does not cross react with mouse ACE. Testis was decapsulated and minced in 1 ml of extraction buffer (50 mM sodium borate, pH 8.3, 150 mM NaCl, and 0.5% Triton X-100), followed by homogenization. Debris were removed by centrifugation and the supernatant was used for Western analysis using 1:1,000 dilution of rabbit ACE antibody (14) . The blots were developed by enhanced chemiluminescence reaction.
Generation of experimental mice. An ACE ϩ / Ϫ male C57Bl/6 mouse was obtained from Dr. Oliver Smithies (University of North Carolina, Chapel Hill, NC) and used for establishing a C57Bl/6 colony. The colony was maintained as heterozygotes for the ACE gene. For detecting the normal and the disrupted alleles of the mouse ACE gene, tail DNA was digested with SacI and Southern blotted using the mouse testis specific exon 12T (210 bp) as the probe (29) . The normal gene gave rise to a 6.6-kb fragment and the disrupted allele gave rise to an 8.4-kb fragment. For generating experimental mice, transgenic ϩ / ϩ female mice were mated with ACE ϩ / Ϫ male mice, the transgene ϩ / Ϫ , ACE ϩ / Ϫ progenies were identified and interbred for producing transgene ϩ / ϩ , ACE Ϫ / Ϫ mice. The control mice for phenotype analysis were littermates of appropriate genotypes from these crosses.
Histology and immunohistochemistry. Tissues were preserved in Histochoice ® (Sigma Chemical Co., St. Louis, MO) before sectioning and embedding in paraffin and stained with hematoxylin and eosin. For antibody-staining, paraffin was removed from the sections by sequential washings in xylene, alcohol, and PBS. The sections were blocked by incubating in horse serum for 1 h, washed and incubated with anti-ACE antibody (1:1,000 dilution) for 1 h at room temperature, washed again, and incubated with FITC-conjugated secondary antibody for 1 h at room temperature. After washing, the sections were mounted and viewed through a fluorescence microscope.
Fertility analysis. Experimental and control male mice were mated with wild-type female FVB mice. The females were allowed to deliver the pups, which were counted after birth. The females that failed to become pregnant when mated with ACE Ϫ / Ϫ mice were later tested to be fertile by mating with normal males.
Results
Generation of transgenic mice. The transgene used for these experiments contained a 515-bp promoter region, a 2,500-bp coding region, and a 213-bp polyadenylation region. The promoter was from the human phosphoglycerate kinase-2 gene and had been used previously for sperm-specific expression of a transgene (33) . The coding region was from the rabbit gACE cDNA that encodes a protein containing 737 amino acid residues (6) and the polyadenylation signal was from the bovine growth hormone gene. The transgene was excised from the cloning vector by digesting it with SmaI and NaeI (Fig. 1 A ) and purified by gel electrophoresis. The DNA was microinjected into fertilized eggs of FVB mouse and the eggs were implanted in the uterus of a pseudopregnant mother. Tails were biopsied from 2-wk-old pups and DNA was extracted. Tail DNA was digested with EcoRI and analyzed by Southern blotting using the 2,500-bp EcoRI fragment of the transgene as the probe (Fig. 1 B , lane 1 ) . Among the 15 mice analyzed, five carried the transgene. As shown in Fig. 1 B , DNA for mouse number 6, 10, 11, 12, and 13 (lanes 4 , 5 , 6 , 7 , and 8 , respectively), contained the 2.5-kb transgenic DNA. One nontransgenic sibling is shown in lane 3. DNA of all transgenic mice also contained DNA fragments of molecular masses Ͼ 2.5 kb that hybridized with the probe. Those could be the products of incomplete digestion of concatemers of the transgene or rearranged transgenes. It was apparent that different lines contained different amounts of the transgenic DNA. For example, line 13 (lane 8 ) contained an extremely high amount of transgenic DNA.
Expression of the transgene. The five transgenic founder mice were used to establish lines. Since the founder mice were of FVB strain, the lines were also established in the same strain by breeding with Wt FVB mice of the opposite sex. The transgene was transmitted by all of them to their progeny. Once the transgenic lines were established, male adult mice were tested for expression of the transgene in their testes. A RT-PCR-based assay was developed for the detection of the transgenic rabbit gACE mRNA (Fig. 2 A ) . In the same assay, using a different set of primers, we could measure the level of the mouse gACE mRNA. The primers used for detecting the mouse gACE mRNA did not detect the transgenic transcript (lane 3 ) and similarly the primers for the rabbit transgene did not detect the mouse mRNA (lane 4 ). When both sets of primers were used together, both mRNAs were detected (lane 5 ). The reaction was reverse transcriptase-dependent (lanes 1 and  2 ) . In the gel system used, the product for the murine gACE mRNA ( m ) separated well from the product of the transgene ( r ) which, in turn, separated from the primers ( p ). Thus, this detection system was convenient and specific for simultaneously estimating the levels of the endogenous mouse gACE mRNA and the transgenic rabbit gACE mRNA. As shown in Fig. 2 B , all five transgenic lines expressed the transgene in the testes. As expected, no transgene expression was detected in the testes of nontransgenic littermates (not shown). In the next experiment, the presence of the protein product of the transgene was examined. For this purpose, testes extracts were subjected to Western analysis using an anti-rabbit ACE antibody. This antibody reacted strongly with rabbit gACE (Fig. 2 C , lane 1 ) but not with mouse gACE (Fig. 2 C , lane 7 ) . The transgenic protein was present in the testes of mice of all five transgenic lines (Fig. 2 C ) . The levels of expression were very similar in lines 6, 10, 11, and 12, but the line 13 mice expressed much less transgenic protein.
The transgene was designed to be expressed only in the testes. However, because ectopic expression of transgenes is frequently encountered in transgenic mice, we examined the tissue-specificity of expression of the gACE transgene. The RT-PCR assay was used to measure the levels of the transgenic transcript in various tissues of an adult male mouse of line 10 ( Fig. 3 A ) . Transgenic gACE mRNA was not expressed in liver, lung, kidney, brain, or intestine of the mouse but was present in the testis. In a female littermate harboring the transgene, there was no expression of gACE mRNA in ovary or uterus. The absence of the transgene expression in the kidney was confirmed by the Western analysis. Increasing amounts of testis extract gave increasing signals for the transgenic protein, but it was totally absent in the kidney extract ( Fig. 3 B ) .
In the next experiment, we examined the developmental profile of the transgene expression in the testes. RNA was isolated from the testes of mice of different ages and the presence of the transgenic mRNA and the endogenous mouse gACE mRNA was assayed for, using the corresponding sets of primers. As shown in Fig. 3 C , both mRNAs were expressed in the adult testes and neither was expressed in the testes of the 10-dand 20-d-old mice. Transgene expression was, however, readily detectable in the 25-d-old mouse, whereas the endogenous mRNA was detectable in the 30-d-old mouse. These results demonstrated that the developmental profile of transgene expression was similar to that of the resident mouse gene.
Generation of experimental mice. Once we confirmed that the transgene was expressed with the appropriate tissue-specificity and the right developmental profile, we wanted to transfer it to the ACE-null background in order to generate the experimental mice of the genotype ACE Ϫ /ACE Ϫ (a/a), transgene ϩ /transgene ϩ (B/B). For this purpose, we first interbred the transgenic (No. 10) mice to create a line homozygous in the transgene locus (B/B). The ACE-null mice were obtained in the C57Bl/6 strain from Dr. Oliver Smithies' laboratory. A colony of these mice was established in our laboratory, and ACE ϩ/Ϫ (A/a) male mice from this colony were used for mating with our FVB transgenic (B/B) female mice. The F1 mice from this breeding were genotyped and further interbred for generating the experimental mice (a/a:B/B). The presence or the absence of the normal ACE allele or its disrupted allele and the transgene in mice of various genotypes are shown in Fig. 4 .
The expression of the transgene in the testes of the mice of mixed genetic background were verified in the experiments shown in Fig. 5 . As expected, in the A/A:b/b mouse the murine gACE mRNA was expressed ( Fig. 5 A, lane 5) , but the rabbit transgenic mRNA was not ( Fig. 5 A, lane 6) . In the a/a:b/b mouse, neither mRNA was expressed and in the experimental a/a:B/B mouse, only the transgenic rabbit mRNA was expressed ( Fig. 5 A, lane 6) . Western blotting confirmed the expression of the transgenic protein in the testes of the experimental (a/a:B/B) mouse ( Fig. 5 B, lane 4) .
Phenotypes of the experimental mice. Histologically, the adult testes of the experimental (a/a:B/B) mice and the control wild-type (A/A:b/b) mice were very similar (Fig. 6, A and B) . It was reported previously (29, 30) , that the absence of the mouse ACE T does not affect the architecture of the testes. We observed that the same was true for our experimental mice which expressed the transgenic gACE, but not the endogenous mouse gACE. Immunohistochemical analysis, using a transgene-specific antibody showed a high level of expression of the transgenic protein in the experimental testes ( Fig. 6 D) but not the control testes (Fig. 6 C) . The expression pattern indicated the localization of the transgenic protein to the semeniferous tubules where sperm maturation occurs.
The ACE-null mice have major structural defects in their kidneys. In the experiments shown in Fig. 7 , we inquired whether these defects were repaired in our experimental mice. Histological analysis of kidneys of experimental mice (a/a:B/B) and control mice (A/A:b/b) demonstrated that the structural defects of the null mice are inherited by the experimental mice. There was thickening of the arteriole walls (Fig. 7 B) and cellular infiltration of Bowman's capsule ( Fig. 7 D) in the kidneys of the experimental mice.
The above investigation established that in our experimental animals, no endogenous mouse ACE was expressed, the transgenic rabbit gACE was expressed exclusively in the developing sperm, and the kidney defects associated with the ACE-null genotype were retained. In the final experiment, we investigated the effect of transgene expression on male fertility (Fig. 8 ). Adult male mice of a similar age with genotypes of wild (A/A:b/b), null (a/a:b/b), and experimental (a/a:B/B) were mated with wild-type female mice. The pregnancies were brought to term and the number of pups were counted. In nine litters, the wild-type mice sired 85 pups, while in six matings, the null mice sired one pup, and in six matings, the experimental mice sired 47 pups. Thus, the fertility-defect of the null mice had been repaired in the experimental mice.
Discussion
In this study, we have used a combination of gene ablation and transgene insertion techniques to achieve expression of ACE in only one cell type in the experimental mouse, in contrast to its expression in many tissues in normal mice. Our experimental system has allowed us to make the unequivocal statement that gACE expression in sperm is necessary and sufficient for fulfilling the role of ACE in male fertility. In previous studies with ACE gene knockout mice, the requirement of ACEexpression for male fertility has been established (29, 30) . These studies, however, could not determine the particular source of ACE-expression that is responsible for maintaining male fertility. Because ACE is known to be expressed in the testis, it is the most relevant tissue in the context of male fertility. The structure of the testes of the ACEϪ/Ϫ mice, however, is normal as are the sperm count, shape, and motility (29, 30, 35) . Moreover, ACE is expressed in many cell types in the tes-tes: sperm, Leydig cells, epididymis, and the vasculature. Since ACE was missing in all these cell types in ACEϪ/Ϫ mice, it was impossible to ascertain the requirement of ACE expression in specific cells in the testes as it relates to its role in fertility. Our studies have circumvented that problem and clearly established that expression of gACE in sperm was sufficient in this context. gACE expression in the sperm of our experimental mice cured their deficiency in fertility but the kidney defects remained. The typical kidney defects described for the ACE Ϫ/Ϫ mice, arterial thickening and infiltration of inflammatory cells (29) (30) (31) , were observed in our experimental mice. We also observed, in experimental mice, additional defects previously reported for the ACEϪ/Ϫ mice, namely, cortical and medullary thinning, crowding of glomeruli, focal atrophy, and shrinkage of tubules. From the observed structural defects, we anticipate that the kidney functions of these mice are also defective. Similarly, since no sACE was expressed in the vasculature of these mice, their blood pressure should be as low as that of the ACEϪ/Ϫ mice. Such blood pressure measurements need to be done, in the future, in mice of a homogeneous genetic background. Mean blood pressure varies considerably among different strains of mice. Thus, such measurements are meaning- less in our experimental mice which inherited genes from both FVB and C57Bl/6 strains. Since blood pressure is regulated by a number of unknown genetic loci that would have segregated independently among the siblings, we could not compare the blood pressure of the experimental mice with that of a valid control group. Such measurements would require backcrossing of the transgene to the C57Bl/6 background or backcrossing of the ACEϪ/Ϫ locus to the FVB strain. Experiments are currently in progress but their completion will require a substantial period of time.
A study, published recently by Hagaman et al. (35) , provided further information about the function of ACE in male fertility. They observed that expression of ACE in sperm is important for egg fertilization. Sperm lacking ACE are deficient in transport within the oviduct and in binding to zonae pellucidae. By selective gene targeting, they also demonstrated that somatic ACE is not required for fertility, a conclusion supporting the results of our investigation although the experimental approaches used in the two studies were completely different. Our experimental strategy will be useful for addressing a number of issues that cannot be addressed adequately by the gene knockout technique alone. As illustrated in this study in the context of the testes, the transgenic knockout combination can assess the role of ACE expression specifically in one cell type of a given tissue. A relevant example is the kidney where ACE is expressed in the vasculature as well as in the epithelial cells of the proximal tubules. Which of the kidney defects of the ACEϪ/Ϫ mouse is caused by the lack of ACE expression in which cells of the kidney? Such a question can be experimentally addressed now using our approach. We will be also able to assess the physiological functional equivalence of gACE and sACE isozymes. Whether sACE expression in sperm can substitute for gACE expression is a question that can now be answered. Similarly, we can determine if the expression of secreted ACE, as compared with tissue-bound ACE, is sufficient for the reproductive function of ACE in sperm. Thus, the molecular genetic approach used in this study can be effectively applied to a variety of physiological questions. 
